Very cold neutrons (VCN) scattering method was used to study the morphology of polyolefine based nanocomposites. The nanocomposites were prepared by the melt mixing method. The special surface active additions and the fillers surface modification were used to improve the polymer-filler compatibility. The multiwalled carbon nanotubes (MWCNT), the calcium carbonate (CC) submicron particles and the layered natural mineral montmorillonite (MMT) nanoparticles were used as the fillers. The fractal structural model was used to describe the VCN scattering on the nanofillers agglomerates. It was shown by VCN scattering that the volume part of isolated MWCNTs in polypropylene (PP) based composites decreases with the increase of the filler loading, the density of MWCNT packing in agglomerates increases with the total volume nanotube concentration and decreases with the nanotube surface modification. It was revealed that the isolated CC particles are dominated in the CC/PP samples with low CC (5 vol. %) loading. It was shown that practically full MMT exfoliation within polyethylene (PE) matrix can be achieved by both polymerization exfoliation method and by melt mixing compounding with using special polar polymer additions.
Introduction
VCN scattering method was developed in Lebedev Physical institute [1] to study nanostructures (NS) of various nature. Last years this method was used to study the NS of novel materials which are created in Semenov Institute of Chemical Physics of the Russian Academy of Sciences. The VCN scattering was successfully used earlier to develop the polymerization exfoliation technology of creation of the polymer nanocomposites based on PE and layered natural mineral montmorillonite, and to develop the technology of creation of the ethylene-norbornene co--polymer with better optical properties compared to origin PE, and so on [2] [3] [4] [5] [6] .
The properties of polymer nanocomposite materials strongly depend on the particle size and shape as well as on their dispersion state and distribution uniformity within polymer matrix. As it is known, the major obstacles for realization of nanosized particles technological potential is the tendency to clusterization and agglomeration during mixing. In the present work VCN scattering was used to determine the NS parameters of multifunctional polyolefine based nanocomposites with three * corresponding author; e-mail: ckuz@sci.lebedev.ru nanofiller types -the multiwalled carbon nanotubes, calcium carbonate submicron particles and layered natural mineral montmorillonite nanoparticles.
Two kinds of MWCNTs with external diameters d < 10 nm (MWCNT1) and with 60 nm > d > 40 nm (MWCNT2) -were used for preparation of the multifunctional material with high modulus of elasticity and high electro-and thermo conductivity. The morphologies of two MWCNT/PP composites are illustrated in Fig. 1 . The composites NS are characterized by the presence of both isolated MWCNTs and MWCNTs agglomerates. Carbon nanotubes were chemically modified by grafting aliphatic chains onto the MWCNT surface for improving the compatibility between polymer and nanotubes and decreasing the tendency of the nanoparticles to clustering.
Two types of CC submicron particles (d ∼ = 100 nm and d ∼ = 60 nm) were used as the fillers with the view of preparation of PP composites with the improved balance of elastic modulus-impact toughness. The typical structure of the composite prepared is demonstrated in Fig. 2 , showing the presence of both isolated particles and clusters [7] . The special surfactants like calcium stearate, Triton X-100, the mixture of fluorine spirits telomeres (FST) were used to improve the polymer -filler compatibility.
(727) The nanocomposites based on high density polyethylene (HDPE) and layered natural mineral montmorillonite were prepared by melt mixing with using maleated HDPE of high (Polybond 3009) and low (Polybond 3109) molecular weight in order to improve the polymer-filler compatibility.
The typical structure of the composite obtained is demonstrated in Fig. 3 . The VCN scattering measurements were carried out in order to compare the efficiency of melt mixing and in situ polymerization methods [5] in plane of clay exfoliation.
Method
Very cold neutrons can be defined as the neutrons with energies below 10 −2 meV and wavelength values of λ > 4.0 nm, respectively. VCN scattering is a convenient tool for NS investigations but the main drawback of the VCN application is the low flux on the "tail" of reactor neutrons Maxwell spectrum [1] . Nevertheless, it was shown that using of simple VCN transmission technique give us the possibility to obtain varied information about NS of studied materials [1, 5] .
For the sample of thickness t the neutron beam will be attenuated in intensity from I 0 to I:
where Σ a , Σ in , Σ H , Σ NS are the cross-sections for the absorption, inelastic scattering, isotopic and spin-disorder incoherent scattering, and VCN scattering on the NS.
Σ NS can be extracted from Σ t, if the atomic composition of the studied substance is known and if it is possible to suppress Σ in by cooling. By analogy with small angle neutron scattering, using the first Born approximation, differential and integral VCN scattering cross sections can be represented as:
where K(ρ) is the correlation function of nuclear-optical potential U , Ω is solid angle, A = 2 m 2 −4 , m -neutron mass, q -modulus of neutron pulse k transfer
K(ρ) depends on the parameters of NS (volume part of NS elements, average dimensions of NS elements, etc.) and we can obtain this parameters by comparison of theoretical and experimental dependencies Σ NS (k).
If the characteristic correlation function is used, the analytical expressions for wave vector -or wave lengths -dependences with characteristic parameters of NS can be obtained. The most simple and useful theoretical dependence is Σ NS (k) dependence for isolated spheres with radius R:
T is the N i b i difference on the filler/matrix boundary (∆ i N i b i ), ϕ -volume part of NS elements in the sample, N i -i-nuclei density, b i -amplitude of the coherent neutron scattering on the i-th nucleus.
In this work we also used the hollow cylinder and thin disc correlation functions [8] in order to describe the VCN scattering on multiwalled carbon nanotubes and nanoparticles of layered natural mineral -montmorillonite in polypropylene or polyethylene matrix. The fractal type correlation function ξ was used to describe VCN scattering on the nanofillers agglomerates in the polyolefine matrix. This correlation function was used earlier [9] to describe a medium where fractals are pores whose sizes are distributed in the range (R, ξ).
D -mass-fractal dimension, ξ is increased from 1 to 3 with increasing the density of fillers particles packing in agglomerates.
Thus, R, ϕ, D can be determined by comparison of theoretical and experimental dependencies Σ NS (k). It was difficult to determine the cylinder length L and the fractal maximum size ξ by VCN scattering because λ L, λ ξ and Σ NS (k) dependency is insensitive to these parameters.
Instruments
The time-of-flight VCN spectrometer (Fig. 4) was developed [1] in neutron physics department of Lebedev Physical Institute and self in the Research reactor of Moscow Engineering Physics Institute (MEPhI). We use this device to measure λ ependences of the VCN total cross sections Σ t (k). The neutron vacuum guide tube is used to excrete the VCN from the thermal neutrons reactor spectrum. The mechanical chopper is used to form the neutrons pulses with 1 Hz frequency in order to provide the time of flight spectrometry. The sample holders connected with cryostat and VCN detector are set in samples chamber. Cryostat is used to decrease the inelastic scattering and to measure at low temperatures.
X-ray Powder diffractometer STADI MP (λ = 1.54056 Å) was used to measure diffraction peaks corresponding to the distance between layers of MWCNT. According to the Debye -Scherrer equation the MWCNT thickness was obtained from the width of diffraction peak corresponding to the distance between MWCNT layers on the half of its maximum (FWHM). We also control the MMT structure exfoliation by X-ray diffraction. The disappearance of diffraction peak corresponding to the distance between MMT layers demonstrates of the full MMT structure exfoliation.
All materials were prepared by melt mixing in a two--roller mixing chamber (Brabender mixer) at 190 
Results

MWCNT/PP composite
Combination of isolated hollow cylinder [8] and fractal type correlation functions (Eq. 4) was used to describe the VCN scattering on MWCNT/PP samples. The external (R1) and internal (R2) radiuses as well as ϕ and D were determined by comparison theoretical and experimental dependencies Σ NS (k). The basic results are represented in the It was shown that the external radiuses determined by VCN are in the region declared by nanotube producer (Shenzhen Nanotech Port Co. China), the volume part of isolated tubes (ϕ/χ) decreases with the increase of the total volume loading of carbon nanotubes as well as with the decrease of the nanotube external radius, the density of agglomerates packing increases with the total volume nanotubes concentration. Some effects of nanotube surface modification on mass-fractal dimension, especially for samples with low nanotube volume loading, were determined.
The thicknesses of the nanotubes were obtained as the difference between external and internal radiuses and the values calculated are 3 nm for thin MWCNT1 nanotubes and 5-10 nm for thick MWCNT2 nanotubes. The thicknesses of nanotubes determined by the X-ray diffraction are 3-4 nm for MWCNT1 and 7-8 nm for MWCNT2.
CC/PP composite
In this case the theoretical Σ NS (k) dependences were obtained by combination of isolated sphere (Eq. 3) and fractal type correlation functions (Eq. 4). The average radius and volume part of the isolated CC particles as well as the fractal mass dimension were determined (see Table 2 ). It was determined that the volume part of the isolated filler particles decreases with the increase of the total filler loading and it is independent on the surfactant type. It is interesting that the mass fractal dimension is also independent on the surfactant type as well as on the total filler loading.
Structure parameters of CC/PP composites obtained by VCN scattering method. Surfactant nature: 1 -calcium stearate; 2 -Triton X-100; 3 -FST.
MMT/PE composites
The thin isolated disc correlation function [8] was used in order to describe the VCN scattering on MMT nanoparticles in polyethylene matrix. Volume part of isolated MMT particles was determined by minimization of the discrepancy between the experimental and theoretical dependences Σ NS (k). The typical dependence is presented in Fig. 5 . (Table III) .
It was shown (Table III) that the highest exfoliation was achieved at melt mixing for composite based on the maleinated HDPE (PB3109) and for the sample obtained by polymerization exfoliation method (Sample 1). Increasing the MMT exfoliation degree at the same filler loading in composite with PB3009 and decreasing that characteristic with increasing filler loading were shown too.
These experiments were made in order to compare the exfoliation MMT intensity during both the simple melt mixing and in situ polymerization [2] nanocomposites preparation methods. The exfoliation was also controlled by X-ray diffraction. Disappearance of diffraction peak corresponding to the distance between MMT layers was the argument of the high exfoliation degree of the MMT layered structure and was in agreement with VCN date. Thus it was shown that high MMT exfoliation degree within polymer matrix can be achieved both by polymerization intercalation method and by melt mixing in the presence of polar polymer additions.
Conclusions
VCN scattering method was successfully used in the process of polyolephyne based nanocomposites creation. Fractal structure model was successfully used in investigations of nanoparticles dispersion state and agglomeration in polymer matrix. The important information about distribution of nanofillers in the polymer matrix was obtained. In particular the volume fraction of isolated MWCNTs decreases with the decrease of nanotube diameter. It was shown for all samples that the volume fraction of isolated nano filler particles decreases with the increase of filler loading. It was demonstrated that surface modification of MWCNT leads to the decrease of the agglomerate density at low (0.5 vol. %) filler loading.
Any noticeable effect of surfactants used on the submicron particle agglomeration in the CC/PP composites were not found.
It was shown that using of the polar polymer additions in the process of nanocomposite preparation by melt mixing method leads to the substantial increase of the MMT exfoliation degree in MMT/PE composites.
